Abstract-By die-attaching GaN-based light-emitting diodes (LEDs) on Si substrates with eutectic AuSn solder, the external quantum efficiency of the LEDs was enhanced by 3.5% at a current input of 120 A/cm 2 . The enhancement of the external quantum efficiency of the die-attached LED chips is attributed to a reduction in compressive stress and piezoelectric fields in quantum wells after eutectic AuSn die-attachment. Raman and photoluminescence analyses were used to estimate the reduction in compressive stress and piezoelectric field in quantum wells, which is 277.8 MPa and 0.056 MV/cm, respectively, after AuSn die-attachment.
I. INTRODUCTION
G aN-based light-emitting diodes (LEDs) have been used in various optoelectronic applications. Particularly, highpower GaN-based LEDs are increasingly used as a light source [1] . To establish high-power GaN-based LEDs as the dominant light source for general lighting, their efficiency must improve. Increasing heat dissipation efficiency is crucial for improving the efficiency. Currently, high-power GaN-based LED chips are die-attached on a first-level substrate by using an Ag-doped epoxy [2] . However, the thermal conductivity of Ag-doped epoxy is relatively low and it cannot provide an efficient heat transfer path. Researchers have begun to develop a eutectic AuSn die-attachment process to attach high-power GaN LEDs to a submount substrate [3] . The eutectic AuSn bonding alloy contains 80 wt% Au and exhibits a favorable thermal conductivity of 57 W/m-K. The AuSn die-attachment process is expected to greatly improve the heat dissipation efficiency. However, the process temperature of the AuSn die-attachment process is relatively high (over 300°C). Understanding how this high-temperature process affects the optical performance of the LEDs is essential.
In this letter, the optical performance of GaN LED chips dieattached on the Si substrates by eutectic AuSn was analyzed. The external quantum efficiency of the high-power GaN LED chips improved after the die-attachment process. To understand the enhancement mechanism, the stress evolution of the GaN epilayers and the internal electrical fields in the quantum wells before and after the die-attachment process were investigated.
II. EXPERIMENTAL
The studied conventional LED chips (1.31 mm 2 ) were composed of 2 μm undoped GaN, 2.5 μm n-type GaN, 10 pairs of In 0.2 Ga 0.8 N/GaN multiquantum wells, 300 nm p-type GaN, and a c-sapphire substrate. Five LED chips were analyzed in this letter. The individual emission wavelengths of LED chips can vary. To avoid this problem, all LED chips produced on the same epitaxial LED wafer were screened. Five LED chips with the same wavelength (469.4 nm), within a ±0.5 nm fluctuation, were then selected. All the figures reported in this letter are the average values from the five LED chips. The sapphire substrates of the LED chips were 150 μm thick. Pieces of Si (1 × 1 cm; 430 μm thick) were used as die-attachment substrates, which were coated with Cr, Pt, and Au layers by using an E-Gun deposition system. The backside of the GaN LED chips (i.e., the sapphire substrates) were sequentially coated with Al, Ni, and AuSn layers by using the E-Gun deposition system. The Al layer was the mirror reflective layer, the Ni layer was the barrier layer, and the AuSn layer (1 μm thick) was the bonding layer. The die-attachment process was conducted at a temperature of 300°C in N 2 . The bonding time was set to 2 min and it was performed using a chip-bonder machine (FineTech one micron machine). Protrustech Corporation Limited integrated a Raman scattering (BWII-RAMaker system) system and a μ-photoluminescence (μ-PL) system including a 532 nm diode laser and a 266 nm diode-pumped solid-state laser. An Andor iDus charge-coupled device camera with 1024 × 128 pixels was used to record the Raman and μ-PL signals for further analysis. External quantum efficiency was measured using a Keithley Model 2400 and integrating sphere.
III. RESULTS AND DISCUSSION
After they were die-attached to the Si substrates, the external quantum efficiency (EQE) of the five GaN-based LED chips increased. Fig. 1 presents a typical EQE curve of the studied GaN LED chips before and after they were die-attached to the Si substrates. The average increase in EQE was approximately 3.5% at a current density of 120 A/cm 2 , which was obtained 1041-1135 © 2014 IEEE. Personal use is permitted, but republication/redistribution requires IEEE permission.
See http://www.ieee.org/publications_standards/publications/rights/index.html for more information. by averaging the efficiency increase from the five analyzed LED chips. EQE is the product of internal quantum efficiency (IQE) and light extraction efficiency (LEE). Assuming that the LEE of the GaN LED chip does not change after the dieattachment process is reasonable. Therefore, the 3.5% increase inEQE should only be attributed to the enhancement in IQE after the die-attachment process. Determining how the dieattachment process enhanced the IQE of the GaN-based LEDs warrants investigation. Typically, metal organic chemical vapor deposition (MOCVD)-grown GaN epilayers suffer an in-plane compressive residual stress from the large contraction of the sapphire substrate during cooling after the MOCVD epitaxial process [4] , [5] . Compressive stress in the GaN epilayers results in a piezoelectric field (E pz ), which causes the energy levels of the quantum wells to tilt. Tilted energy levels in the quantum wells degrade internal quantum efficiency (IQE) [6] . In this letter, it is proposed that the increase in IQE might be caused by the relief of the compressive stress in the GaN epilayers of the GaN-based LEDs produced using the die-attachment process. This is because once an LED chip is bonded on a Si substrate at an elevated temperature, the Si substrate constrains the contraction of the sapphire substrate during the cooling process. Also, the 1μm thick AuSn layer between the sapphire and the Si substrate reduces the strain between them. Thus, the compressive stress levels in the GaN epilayers are reduced after the die-attachment process. As the compressive stress in the GaN epilayers is reduced, the tilt of the energy levels in the quantum wells decreases. Consequently, the die-attachment process increases IQE.
To verify this hypothesis, the compressive stress levels in the GaN epilayer were measured before and after the dieattachment process. The change in the piezoelectric field in the quantum wells was also evaluated before and after the die-attachment process.
A. Stress Evolution in the GaN Epilayers Before and After Die-Attachment
The peak position of the E 2 -high mode in the Raman spectra has been used to analyze the in-plane stress in the Fig. 2 . Raman spectra of GaN epi-layers before and after they were dieattached to the Si substrates.
GaN epilayers [7] , [8] . Fig. 2 presents the Raman spectra of the GaN epilayers before and after they were die-attached to the Si substrates. Fig. 2 shows that the average E 2 -high peak position before die-attachment occurred at 570.1 cm −1 , which is compared to stress-free GaN (566.5 cm −1 ), i.e., blueshift [9] , [10] . E 2 -high peak position implies that the GaN epilayer is under compressive stress. The relationship between the shift of the E 2 -high peak position, ω (cm −1 ), and the stress change, σ Ga N (GPa), of the GaN epilayers according to [11] is given by
where A is a constant with a value of 3.6 (GPa −1 cm −1 ).
Inserting the E 2 -high shift ( ω 1 ) into (1) revealed that the residual compressive stress in the GaN epilayers before dieattachment was 1000 MPa. As shown in Fig. 2 , after dieattaching the GaN-based LED chips on the Si substrates, the E 2 -high peak position of the GaN epilayers (569.1 cm −1 ) was red-shifted, compared with the E 2 -high peak position of the GaN epilayers before die-attachment (570.1 cm −1 ). The red-shift of the E 2 -high peak position implies a reduction in the compressive stress in the GaN epilayers. Using the shift amount of the E 2 -high peak position ( ω 2 = 2.6 cm −1 ) in (1) yields that the average compressive stress in the GaN epilayers of the chips attached to the Si substrates was 722.2 MPa. Thus, the average compressive stress relief in the GaN epilayers of the GaN-based LED chips was 277.8 MPa after the dieattachment process.
B. Piezoelectric Field Change in GaN Epi-Layers Before and After Die-Attachment
Fig . 3 presents the PL results of the GaN-based LED chips before and after they were die-attached to the Si substrates at an external voltage (+1 V to −5 V). Each data point in Fig. 3 reflects the average of the five studied LED chips. Critical reverse-bias (V rb,critical ) can be determined by locating the minimum of the peak emission wavelength. The physical meaning of the critical reverse-bias (V rb,critical ) is described in the following section. Compressive stress in the GaN epilayers results in a piezoelectric field (E pz ) in the quantum wells. A piezoelectric field (E pz ) tilts the energy levels in the quantum wells, which is called the quantum confinement Stark effect. Because of the tilt of the energy levels in the quantum wells, the electron and hole carrier distributions in the quantum wells shift resulting in a carrier screening field (E sc ) [12] , [13] . Other than E sc and E pz , the built-in field (E b ) is established at the p-n junction interface and it depends on the doping concentration. E sc has an opposite direction to E b and E pz . Therefore, the internal electric field (E i ) in the quantum wells can be expressed as
Both E pz and E sc depend on the residual stress in the GaN epilayers. We define a stress-induced electrical field (E stress ) term as the sum of E pz and E sc . Equation (1) was then rewritten as Fig. 4 indicates that the tilted energy levels of the quantum wells evolve with the external applied voltage. Fig. 4(a) presents the tilted energy levels of the quantum wells before the die-attachment process. The tilting of the energy levels was caused by the internal electrical fields in the quantum wells. Applying an external reverse-bias against the net internal electric field (E i ) decreased the tilting degree in the energy levels, as indicated in Fig. 4(b) . Hence, the effective band gap in the quantum wells widened. Consequently, the peak emission wavelength becomes shorter (i.e., it is blue-shifted) with the external reverse-bias voltage. When the net internal field is completely compensated by the reverse-bias field (defined as the critical reverse-bias field (E rb,critical )), the energy levels in the quantum wells of the GaN LED epilayers are flat (i.e., flat-band condition). Consequently, as indicated in Fig. 4(c) , the effective band gap energy is maximized and the peak emission wavelength reaches its minimal value. When the applied reverse-bias is higher than the critical reverse-bias (E rb,critical ), as indicated in Fig. 4(d) , the energy levels in the quantum wells of the GaN LED are tilted again, narrowing the effective band gap and increasing the wavelength. Thus, the PL analysis of the GaN epilayers with applied external bias can be used to probe the net internal electrical field. Fig. 4 . Evolution of the tilt of the energy-levels in the quantum wells with reverse-bias.
As indicated in Fig. 3 , the critical reverse-bias voltages of the GaN-based LEDs before and after they were attached to the Si substrates were estimated to be −3.848 V and −3.182 V, respectively. The total thickness of 10 pairs quantum wells (T M QW ) was 120 nm and the width of one quantum well was 2 nm. Equation (4) was used to calculate the critical reversebias fields (E rb,critical ) of the GaN-based LEDs before and after they were attached to the Si substrates. They equaled 0.321 and 0.265 MV/cm, respectively.
Thus, by die-attaching the GaN LED chips to the Si substrates, the average net internal electrical field in the GaN epilayers was reduced by 0.056 MV/cm. The built-in field (E b ) is independent of the residual stress in GaN epilayers. This means that the built-in field (E b ) is constant before and after the die-attachment process. Therefore, the 0.056 MV/cm reduction in the internal electrical field was primarily caused by the decrease in the stress-induced field in the GaN LED chips after they were die-attached to the Si substrates.
IV. CONCLUSION
This letter demonstrated that the compressive stress in GaN epilayers decreased by 277.8 MPa after die-attaching GaNbased LED chips on Si substrates using AuSn solder. Because of the reduction of the compressive stress in the GaN epilayers, the piezoelectric field (E pz ) in the quantum wells decreased by 0.056 MV/cm and the tilt of the energy levels in the quantum wells was diminished. Consequently, the internal quantum efficiency increased.
